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HIGHLIGHTS 


•  One-step  preparation  of  Pt— Fe  catalyst  nanoparticles  supported  on  SWCNTs. 

•  The  catalyst  performs  high  electrocatalytic  activity  and  better  stability. 

•  Avoid  additional  treatment  to  protect  the  crystallinity  of  SWCNTs. 

•  Their  high  electronic  conductivity  lowers  resistance  in  methanol  electrooxidation. 
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Single-wall  carbon  nanotubes  (SWCNTs)  supported  Pt— Fe  nanoparticles  have  been  prepared  by  one-step 
hydrogen  arc  discharge  evaporation  of  carbon  electrode  containing  both  Pt  and  Fe  metal  elements.  The 
formation  of  SWCNTs  and  Pt— Fe  nanoparticles  occur  simultaneously  during  the  evaporation  process. 
High-temperature  hydrogen  treatment  and  hydrochloric  acid  soaking  have  been  carried  out  to  purify  and 
activate  those  materials  in  order  to  obtain  a  new  type  of  Pt-Fe/SWCNTs  catalyst  for  methanol  oxidation. 
The  Pt-Fe/SWCNTs  catalyst  performs  much  higher  electrocatalytic  activity  for  methanol  oxidation,  better 
stability  and  better  durability  than  a  commercial  Pt/C  catalyst  according  to  the  electrochemical  mea¬ 
surements,  indicating  that  it  has  a  great  potential  for  applications  in  direct  methanol  fuel  cells. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  are  attractive  alternatives  to 
combustion  engines  in  transportation  applications  for  electrical 
power  generation  and  also  regarded  as  promising  future  power 
sources,  especially  for  mobile  and  portable  applications  due  to  their 
high  energy  density  properties.  Platinum-based  nanoparticles 
supported  on  carbon-black  (e.g.,  Pt/C)  are  commonly  employed  as 
an  electrocatalyst  in  DMFCs  [1  ].  However,  carbon  support  corrosion 
and  platinum  nanoparticles  dissolution/aggregation  in  the  oper¬ 
ating  environment  usually  result  in  the  activity  loss  and  the 
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durability  shortening  of  catalyst.  An  efficient  way  to  achieve  better 
activity  and  durability  of  Pt-based  catalyst  nanoparticles  is  to 
disperse  them  onto  a  suitable  support,  which  should  fulfill  the 
following  requirements:  the  support  needs  to  have  (1)  a  high  sur¬ 
face  area  and  strong  affinity  for  the  catalyst  nanoparticles  to  ensure 
their  efficient  immobilization  in  a  well-dispersed  way,  (2)  a  high 
electrical  conductivity  to  facilitate  fast  electron  transfer  in  many 
redox  reactions,  (3)  an  excellent  chemical  stability  in  the  operating 
environment  to  maintain  a  stable  catalyst  structure  [2]. 

Compared  to  the  conventional  carbon-black  support,  carbon 
nanotubes  (CNTs)  have  been  demonstrated  as  a  kind  of  advanced 
support  material  for  Pt  and  Pt-based  nanoparticles  [3-10].  Never¬ 
theless,  for  better  catalyst  nanoparticle  immobilization,  the  CNTs 
usually  require  a  suitable  surface  functionalization  pretreatment, 
such  as  acid  oxidation  [11,12],  ionic  liquid  linking  [13-15],  polymer 
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wrapping  [16-18],  plasma  treatment  [19],  and  so  on.  These  func¬ 
tionalization  pretreatments  might  cause  a  partial  destruction  of  the 
CNT  structure  that  leads  to  a  decrease  in  its  electrical  conductivity 
[20].  In  particular,  single-wall  carbon  nanotubes  (SWCNTs)  possess 
smaller  size,  fewer  defects,  much  better  conductivity,  higher  sur¬ 
face  area  and  larger  surface-to-volume  ratio  compared  with  the 
multiwalled  nanotubes  (MWCNTs).  Therefore,  SWCNTs  should  be 
more  suitable  as  a  catalyst  support,  but  very  few  reports  could  be 
found  in  the  literature  to  prove  such  an  important  issue  [21-24]. 

In  our  previous  study,  we  have  developed  a  technique  for  mass 
production  of  high-crystallinity  SWCNTs  with  embedded  Fe  nano¬ 
particles,  by  using  hydrogen  arc  discharge  evaporation  of  carbon 
electrode  containing  Fe  catalyst  [25].  The  Fe  nanoparticles  have 
been  found  to  be  wrapped  with  several  layers  of  graphene  sheets, 
which  can  be  eliminated  by  a  simple  purification  process,  for 
example,  heating  in  hydrogen  atmosphere  at  1073  K,  and  washing 
with  hydrochloric  acid  [26].  Sergiienko  et  al.  have  reported  that 
PtFe  nanoparticles  included  in  few  layer  graphene  sheets  can  be 
synthesized  by  an  arc  evaporation  of  PtFe  electrode  in  an  ultrasonic 
cavitation  field  of  liquid  ethanol  [27].  A  disordered  face-centered 
cubic  (fee)  structure  (yFe,  Pt)  was  revealed  by  using  transmission 
electron  microscopy  (TEM)  and  X-ray  diffraction  (XRD). 

Here,  we  report  the  direct  synthesis  of  Pt— Fe  catalyst  nanoparticles 
supported  on  SWCNTs  by  hydrogen  arc  discharge  evaporation  of  car¬ 
bon  electrode  containing  both  Pt  and  Fe  catalysts.  A  high-temperature 
hydrogen  treatment  has  been  used  to  remove  the  graphene  sheets 
that  are  encapsulating  Pt— Fe  catalyst  nanoparticles.  The  electro- 
catalytic  activity  of  this  Pt-Fe/SWCNTs  catalyst  was  then  studied  by 
cyclic  voltammetry  and  chronoamperometry,  showing  excellent  cat¬ 
alytic  performance  and  better  durability  for  methanol  oxidation. 

2.  Experimental 

2.2.  Catalyst  preparation 

The  SWCNTs  supported  Pt— Fe  nanoparticles  were  prepared  by 
using  an  apparatus  of  dc  arc  discharge  evaporation  similar  as  our 
former  studies  [25].  Two  electrodes  were  installed  vertically  at  the 
center  of  a  water-cooled  stainless  steel  chamber.  The  upper  cathode 
was  a  pure  carbon  rod  (10  mm  in  diameter,  30  mm  long),  and  the 
bimetallic  catalyst  doped  carbon  anodes  were  prepared  as  follows: 
carbon  rods  doped  homogenously  with  1  at.%  Fe  catalyst  (6  mm  in 
diameter,  30  mm  long)  were  hollowed  out  (20  mm  in  depth, 
4.2  mm  in  diameter)  and  filled  with  a  mixture  of  graphite  powder 
and  Pt  catalyst  powder.  The  atomic  ratio  of  Fe  to  Pt  in  doped  carbon 
anodes  was  1 :1.  A  dc  arc  discharge  was  generated  by  applying  60  A 
in  H2-Ar  or  H2-He  atmosphere  (2:3 /v:v)  at  a  total  pressure  of 
200  torr.  During  arc  discharge,  the  distance  between  two  electrodes 
was  kept  constantly  about  2  mm.  After  arc  evaporation  for  ~  2  min, 
some  web-like  products  were  collected  from  the  inner  wall  of  the 
chamber  (marked  as  as-grown  SWCNTs). 

For  synthesizing  Pt-Fe/SWCNTs  catalyst  for  methanol  oxida¬ 
tion,  the  as-grown  SWCNTs  were  heated  at  1073  K  in  H2-Ar 
mixture  gas  (l:4/v:v)  with  a  total  flow  rate  of  100  seem  for  1  h  to 
remove  the  graphene  sheets  that  are  encapsulating  Pt— Fe  catalyst 
nanoparticles  (marked  as  H2-treated  SWCNTs).  In  order  to  dissolve 
redundant  Fe  metal  and  its  oxide  nanoparticles,  these  H2-treated 
SWCNTs  were  soaked  in  concentrated  hydrochloric  acid.  After  this 
procedure,  the  samples  were  designated  as  Pt-Fe/SWCNTs,  and 
used  in  the  following  electrochemical  measurements. 

2.2.  Catalyst  characterization 

The  as-grown  SWCNTs,  H2-treated  SWCNTs  and  Pt-Fe/SWCNTs 
samples  were  characterized  by  scanning  electron  microscopy  (SEM, 


JEOL  JSM-6700F)  equipped  with  an  energy-dispersive  X-ray  anal¬ 
ysis  system  (EDS,  OXFORD  INCA  EDS),  TEM  (JEOL  JEM-200CX)  and 
high-resolution  TEM  (HRTEM,  JEOL  JEM-2010F).  Raman  spectra 
were  recorded  using  a  Raman  spectrometer  (Renishaw  InVia-plus) 
with  785  nm  excitation. 

2.3.  Electrochemical  measurement 

Electrochemical  measurements  were  carried  out  by  a  CHI660C 
electrochemical  workstation  (Chenhua  Co.  Ltd.  Shanghai,  China)  in  a 
conventional  three-electrode  cell.  A  glassy  carbon  electrode  (GCE, 
0  =  3  mm)  modified  by  catalysts  was  used  as  a  working  electrode,  a 
saturated  calomel  electrode  (SCE)  for  the  reference  electrode,  and  a 
platinum  sheet  for  the  counter  electrode.  The  Pt-Fe/SWCNTs  catalyst 
layer  on  GCE  was  prepared  as  follows:  about  1  mg  Pt-Fe/SWCNTs 
catalyst  was  added  to  a  mixture  solution  containing  200  pL  alcohol 
(95%)  and  20  pL  Nation  (5  wt%),  and  then  ultrasonicated  for  over  1  h 
to  obtain  a  homogeneous  black  ink  solution.  Afterwards  21  pL  of  the 
black  ink  was  spread  on  a  clean  GCE  surface.  The  electrode  was  dried 
at  90  °C  for  1  h  in  air  to  obtain  a  thin  and  even  catalytic  layer. 

For  cyclic  voltammetry  and  chronoamperometry  (CA)  of  meth¬ 
anol  oxidation,  the  electrolyte  solution  was  1  M  CH3OH  in  0.5  M 
H2S04.  All  experiments  were  performed  at  room  temperature,  and 
the  sweep  rate  is  50  mV  s-1.  High-purity  N2  was  bubbled  into  the 
electrolyte  during  the  whole  electrochemical  experiment. 

Electrocatalyst  durability  was  evaluated  by  cycling  the  electrode 
potential  between  0  and  1.0  V  versus  SCE  at  a  scan  rate  of  50  mV  s-1 
in  1  M  CH3OH  and  0.5  M  H2S04  solution  at  room  temperature. 
Because  the  concentration  of  methanol  falls  down  during  the  test, 
and  it  is  hard  to  evaluate  the  real  activity  for  methanol  oxidation, 
we  chose  the  electrochemical  surface  area  (ECSA)  as  the  sign  of 
activity.  After  each  100  cycles,  three  additional  cycles  in  0.5  M 
H2SC>4  solution  between  -0.25  and  1.0  V  versus  SCEs  were  used  to 
calculate  their  ECSA.  Those  ECSAs  were  normalized  to  the  initial 
values,  and  plotted  as  a  function  of  cycle  numbers.  The  commercial 
Pt/C  catalyst  (JM  HiSPEC  4000,  38.04  wt%)  was  also  employed  for 
the  same  test  for  comparison.  After  durability  test,  the  solution  was 
renewed  and  an  additional  100  cycles  were  recorded  to  evaluate 
the  loss  of  catalyst  activity. 

3.  Results  and  discussion 

Fig.  la  shows  a  typical  SEM  image  of  as-grown  SWCNTs  sample. 
The  bright  spots  on  the  surface  of  SWCNT  bundles  are  from  metal 
catalyst  nanoparticles.  TEM  observations,  as  shown  in  Fig.  lb, 
indicated  that  the  long  bundles  of  SWCNTs  have  diameters  of  10— 
40  nm,  and  Pt— Fe  catalyst  nanoparticles  are  nearly  spherical  and 
uniformly  dispersed  on  the  external  surface  of  SWCNTs.  In  this  low- 
magnification  TEM  image,  these  metal  nanoparticles  are  observed 
as  dark  dots  with  a  size  range  from  2  to  20  nm. 

A  selected-area  electron  diffraction  (SAED)  pattern  of  TEM  im¬ 
age  is  presented  in  the  inset  of  Fig.  lb.  The  innermost  reflection 
ring,  marked  as  G  (002),  is  associated  with  the  (002)  diffraction  of 
the  hexagonal  graphite  structure  in  as-grown  SWCNTs  samples, 
and  has  been  used  for  calibration.  Three  reflection  rings,  (111), 
(200),  and  (220),  indicate  the  abundant  existence  of  face-centered 
cubic  (fee)  structure,  in  which  Fe  and  Pt  atoms  are  randomly 
packed.  There  are  some  diffraction  spots  from  the  body-centered 
cubic  (bcc)  structure  of  a-Fe  phase,  such  as  (110)  and  (200),  sug¬ 
gesting  the  existence  of  pure  Fe  nanoparticles.  The  extra  reflection 
rings  such  as  (001 )  and  (110)  which  indicate  the  chemically  ordered 
face-centered  tetragonal  (fet)  phase,  are  hardly  observed  between 
G  (002)  ring  and  (111)  reflection  ring  of  fee  structure  (yFe,  Pt). 
The  XRD  profile  has  been  also  measured,  and  it  is  consistent  with 
the  results  of  SAED  patterns.  HRTEM  observations  indicate  that  the 
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Pt-Fe  metal  nanoparticles  are  embedded  within  graphene  sheets, 
which  substantially  hampers  their  electrocatalytic  activity. 

In  order  to  remove  the  graphene  sheets  which  are  encapsulating 
Pt-Fe  metal  nanoparticles,  the  as-grown  SWCNTs  samples 
were  annealed  at  1073  K  in  an  atmosphere  of  Fl2-Ar  mixture  gas 
(l:4/v:v)  for  1  h.  A  typical  low-magnification  TEM  image  of  En¬ 
treated  SWCNTs  samples  is  shown  in  Fig.  2a.  It  is  interesting  to  note 
that  the  metal  nanoparticles  become  bigger  after  annealing,  and 
their  shapes  have  changed  from  spheroid  to  cube  due  to  fusion 
between  them.  The  inset  of  Fig.  2a  is  an  F1RTEM  image  of  the  metal 
nanoparticles.  It  has  been  confirmed  that  most  of  the  graphene 
sheets  enwrapping  Pt-Fe  metal  nanoparticles  have  been  removed, 
and  there  are  some  metal  nanoparticles  lying  on  the  half  opened 
carbon  shells,  which  look  like  carbon  bowls.  It  can  be  expected  that 
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these  carbon  shells  attaching  on  the  surface  of  SWCNTs  will  act  as 
the  anchor  points,  preventing  the  aggregation  of  Pt-Fe  metal 
nanoparticles  in  the  operating  environment  in  DMFCs. 

Fig.  2b  shows  the  histogram  of  Pt-Fe  nanoparticle  size,  which 
has  been  obtained  by  measuring  the  sizes  of  300  randomly  chosen 
nanoparticles  in  magnified  TEM  images.  It  is  found  that  the  Pt-Fe 
nanoparticles  have  a  size  distribution  of  2-20  nm,  and  the  average 
size  is  7.1  nm  in  the  case  of  as-grown  SWCNTs.  After  high- 
temperature  hydrogen  treatment,  the  average  size  of  Pt-Fe  nano¬ 
particles  changes  to  8.2  nm,  and  several  nanoparticles  are  even 
larger  than  40  nm  (not  shown).  The  average  size  of  Pt-Fe  nano¬ 
particles  in  Pt-Fe/SWCNTs  samples  is  ranged  in  between  7.1  and 
8.2  nm. 

Fig.  3a  shows  the  EDS  spectra  taken  from  Entreated  SWCNTs 
sample,  and  the  inset  lists  the  EDS  analysis  results  of  as-grown 
SWCNTs,  H2-treated  SWCNTs,  and  Pt-Fe/SWCNTs  samples.  It  can 
be  seen  that  the  typical  Pt  loading  in  the  as-grown  SWCNTs  sample 
is  18.03  wt%,  and  the  percentage  of  Pt  increases  to  22.95  wt%  after 
high-temperature  hydrogen  treatment.  The  decrease  of  carbon 
content  in  E^-treated  SWCNTs  sample  may  be  due  to  the  burning 
effect  of  carbons  which  include  three  parts:  (1)  the  unsaturated 
SWCNTs,  (2)  graphene  sheets  that  are  encapsulating  Pt-Fe  metal 
nanoparticles,  and  (3)  the  amorphous  carbon  that  is  coexisting  with 
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Fig.  1.  (a)  SEM  image  of  as-grown  SWCNTs;  (b)  TEM  image  of  as-grown  SWCNTs,  and  Fig.  2.  (a)  TEM  image  of  H2-treated  SWCNTs,  the  inset  is  HRTEM  image  of  metal 
the  inset  shows  its  SAED  pattern.  nanoparticles;  (b)  histogram  of  Pt-Fe  nanoparticle  size  distribution. 
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Fig.  3.  (a)  EDS  spectra  of  H2-treated  SWCNTs,  and  the  inset  shows  EDS  analysis  results 
of  as-grown  SWCNTs,  H2-treated  SWCNTs  and  Pt-Fe/SWCNTs;  (b)  chemical  compo¬ 
sitions  of  individual  Pt-Fe  nanoparticles. 


SWCNTs.  After  HC1  soaking  (see  the  EDS  analysis  result  of  Pt-Fe/ 
SWCNTs  samples),  the  percentage  of  Fe  significantly  decreases  from 
33.4  to  5.76  wt%,  that  of  Pt  slightly  decreases  to  17.79  wt%,  that  of  C 
increases  from  39.3  to  70.05  wt%,  and  the  remaining  impurity  is  Cl 
(6.39  wt%). 

The  chemical  compositions  of  individual  Pt-Fe  nanoparticles 
have  been  also  measured  by  EDS  (OXFORD  INCA  EDS)  equipped 
with  HRTEM.  The  Fe/Pt  atomic  ratios  were  calculated  from  the  EDS 
data  of  over  ten  randomly  chosen  nanoparticles  in  the  HRTEM 
image.  It  has  been  found  that  the  ratio  is  different  among  different 
samples.  For  the  as-grown  SWCNTs  samples,  the  chemical 
composition  is  toward  overstoichiometric  Fe  content,  and  the 
composition  distribution  is  narrow.  In  the  case  of  Pt-Fe/SWCNTs, 
the  Fe/Pt  atomic  ratio  is  about  1:1.  For  comparison,  we  have  also 
heated  the  as-grown  SWCNTs  samples  in  air  at  673  K  for  0.5  h, 
soaked  the  residual  material  in  HC1,  and  measured  the  chemical 
compositions  of  individual  Pt-Fe  nanoparticles.  Their  chemical 
compositions,  marked  as  02-treated  in  Fig.  3b,  are  very  heteroge¬ 
neous:  some  of  them  are  saturated  with  Fe  while  the  others  are 
saturated  with  Pt.  Therefore,  it  is  more  advantageous  to  use  H2  gas 
than  air  to  remove  the  graphene  sheets  and  unwrap  the  Pt-Fe 
catalyst  nanoparticles  for  preparing  the  Pt-Fe/SWCNTs  catalyst  of 
electrochemical  measurements. 

Raman  spectroscopy  is  a  powerful  tool  for  characterizing  carbon 
nanomaterials.  In  the  case  of  SWCNTs,  there  are  three  important 
Raman  features  [28]:  (1)  radial  breathing  modes  (RBMs)  between 
100  and  300  cm-1,  which  can  be  used  to  calculate  the  nanotube 


diameter  (dt,  nm)  through  the  relation  wrbm  =  234 /dt  +  10;  (2)  G- 
band  around  1590  cm-1,  which  is  related  to  the  graphite  in-plane 
vibration  with  an  F2g  symmetry  intralayer  mode;  (3)  D-band  (D 
means  disorder)  around  1300  cm-1,  which  is  related  to  the  defects 
on  SWCNTs  surface  and  the  presence  of  amorphous  carbon  in  the 
samples.  The  intensity  ratio  of  G-band  to  D-band  (Jg//d)  can 
comprehensively  reflect  the  purity,  crystallinity  and  structural 
integrity  of  SWCNTs. 

Fig.  4  shows  the  Raman  spectra  corresponding  to  as-grown 
SWCNTs,  H2-treated  SWCNTs,  Pt-Fe/SWCNTs,  as-grown  SWCNTs 
prepared  by  using  Fe  catalyst  only  (pure  Fe),  and  as-grown  SWCNTs 
prepared  by  using  Pt-Fe  catalysts  in  H2-He  atmosphere  (as-grown 
in  H2-He).  For  ease  of  comparison,  the  Raman  spectra  have  been 
normalized  to  the  intensity  of  G-band.  Using  the  relation 
mentioned  above,  the  RBM  peaks  at  150,  200,  229  and  264  cm-1 
can  be  assigned  to  the  SWCNTs  with  the  diameters  of  1.67, 1.23, 1.09 
and  0.92  nm,  respectively.  The  spectrum  of  as-grown  SWCNTs 
prepared  in  H2-He  atmosphere  is  very  similar  to  that  of  the  as- 
grown  SWCNTs  prepared  by  using  Fe  catalyst  only.  It  can  be  seen 
that  the  addition  of  Pt  catalyst  results  in  the  intensity  increase  of 
the  RBM  at  150  cm'1.  This  means  the  abundant  existence  of  thick 
SWCNTs  with  the  diameter  of  1.67  nm  in  the  samples.  Compared 
with  the  as-grown  SWCNTs  prepared  by  using  Fe  catalyst  only,  the 
D-band  intensity  of  the  as-grown  SWCNTs  is  stronger.  Obviously, 
the  presence  of  Pt  atom  in  arc  plasma  hampers  the  catalytic  ac¬ 
tivities  of  Fe  atom  in  the  formation  of  SWCNTs.  Using  H2-He  at¬ 
mosphere  to  replace  H2-Ar  atmosphere  can  change  the  diameter 
distribution  of  SWCNTs,  and  make  the  thin  SWCNTs  with  the 
diameters  of  1.09  nm  become  relatively  plentiful.  The  high- 
temperature  hydrogen  treatment  leads  to  the  disappearance  of 
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Fig.  5.  Cyclic  voltammograms  of  commercial  Pt/C  catalyst  (JM  HiSPEC  4000)  and  Pt— 
Fe/SWCNTs  catalyst,  measured  in  1  M  CH3OH  +  0.5  M  H2SO4  aqueous  solution,  satu¬ 
rated  with  N2.  The  sweep  rate  is  50  mV  s_1. 

D-band,  and  increases  the  intensity  ratio  of  7g//d,  indicating  the 
dramatic  decrease  of  amorphous  carbon  in  SWCNTs  samples. 

Fig.  5  exhibits  the  typical  cyclic  voltammograms  (CVs)  of  the  Pt- 
Fe/SWCNTs  catalyst  (Pt  17.79%)  with  Pt  loading  of  520  fig  cm”2  and 
the  commercial  Pt/C  catalyst  (JM  HiSPEC  4000)  with  Pt  loading  of 
543  fig  cm”2.  They  were  measured  at  the  sweep  rate  of  50  mV  s”1  in 
the  potential  range  between  0.0  and  1.0  V  in  1  M  CH3OH  and  0.5  M 
H2SO4  aqueous  solution.  After  several  cycles,  the  cyclic  voltam¬ 
metry  became  stable.  The  voltammetric  features  are  in  good 
agreement  with  literature  [29],  in  which  the  typical  methanol 
oxidation  current  peak  on  Pt  catalyst  is  at  about  0.84  V  vs  SCE  in  the 
forward  scan,  and  an  oxidation  current  peak  is  at  about  0.59  V  vs 
SCE  in  the  backward  scan,  related  to  the  oxidation  of  the  corre¬ 
sponding  intermediates  produced  during  methanol  oxidation.  For 
easy  to  comparison,  we  used  similar  catalyst  loading,  and  the  plot 
was  normalized  with  the  platinum  mass.  While  the  as-grown 
SWCNTs  or  the  purified  SWCNTs  samples  were  used  as  electrode, 
there  was  no  current  response  for  methanol  oxidation,  indicating 
that  SWCNTs  are  not  active  for  methanol  oxidation  and  the  gra¬ 
phene  sheets  enwrapping  Pt— Fe  metal  nanoparticles  must  be 
removed.  In  the  case  of  ^-treated  SWCNTs  samples,  it  shows 
similar  CV  characteristics  as  the  Pt-Fe/SWCNTs  samples,  except  an 
obvious  reduction  peak  at  reverse  scan  in  the  initial  few  cycles, 
indicating  that  there  is  redundant  Fe  and  the  HC1  soaking  is 
necessary.  It  is  worth  mentioning  that  the  forward  peak  current 
density  of  Pt-Fe/SWCNTs  is  about  1.5  times  higher  than  that  of  the 
commercial  40%  Pt/C  catalyst. 

To  further  assess  steady  state  catalyst  performance  with  respect 
to  methanol  electrooxidation,  we  have  carried  out  CA  tests  at  a 
series  of  steady  potentials.  Fig.  6  presents  the  examples  of  the  CA 
curves  obtained  in  1  M  CH3OH  +  0.5  M  H2SO4  at  different  polari¬ 
zation  potential.  The  CA  curve  of  the  commercial  40%  Pt/C  catalyst  is 
also  recorded  at  the  potential  of  0.63  V.  For  the  ease  of  comparison, 
the  Pt  loading  of  all  tests  was  520  fig  cm”2.  It  can  be  found  that  in 


Fig.  6.  Chronoamperometry  of  commercial  Pt/C  catalyst  (JM  HiSPEC  4000)  and  Pt-Fe/ 
SWCNTs  catalyst  at  different  polarized  potential,  measured  in  1  M  CH3OH  +  0.5  M 
H2S04  aqueous  solution,  saturated  with  N2.  The  inset  is  the  current  density  recorded  at 
1800  s  at  different  polarized  potential. 

the  all  CA  curves  the  potentiostatic  current  density  decreases 
rapidly  in  the  initial  time  period,  achieves  a  pseudosteady  state 
after  a  period  of  900  s,  and  then  decays  slightly  with  time.  The 
rapidly  decreases  of  current  density  could  be  due  to  the  formation 
of  intermediate  species  during  the  methanol  oxidation  reaction.  In 
general,  if  the  kinetics  of  the  removal  for  intermediate  species  is 
poor,  the  decreases  of  the  current  density  will  be  fast,  a  gradual 
decay  of  current  density  with  time  implies  that  the  catalyst  has 
good  anti-poisoning  ability.  After  30  min  of  polarization  at  0.63  V 
(at  25  °C),  the  Pt-Fe/SWCNTs  electrode  had  a  current  density  of 
approximately  19  mA  cm”2,  compared  with  the  current  densities  of 
approximately  11  mA  cm”2  for  the  commercial  40%  Pt/C  electrode. 
Moreover,  the  current  decayed  more  slowly  for  the  Pt-Fe/SWCNTs 
than  the  commercial  catalysts,  indicating  less  accumulation  of 
adsorbed  CO  species.  All  those  results  imply  that  the  Pt-Fe/ 
SWCNTs  catalyst  exhibits  higher  catalytic  activity  and  better  sta¬ 
bility  than  the  commercial  catalysts. 

Furthermore,  the  current  densities  are  also  dependent  on  the 
use  of  polarization  voltage.  The  current  densities  recorded  after 
30  min  of  polarization  are  shown  in  the  inset  of  Fig.  6.  It  can  be 
found  that  the  current  densities  are  increased  with  the  polarized 
potential.  But  when  the  polarized  potential  is  up  to  0.83  V,  the 
current  densities  decrease  very  fast.  These  results  indicate  that  the 
Pt-Fe/SWCNTs  electrode  polarized  with  0.83  V  deactivates  at  a 
faster  rate.  We  therefore  conclude  that  the  Pt-Fe/SWCNTs  elec¬ 
trode  polarized  at  0.73  V  has  better  electrocatalytic  activity  for 
methanol  oxidation. 

There  are  two  ways  to  estimate  the  activities  of  Pt-based  elec¬ 
trocatalysts.  One  is  mass  activity  (MA)  associated  with  the  current 
per  amount  of  catalyst,  and  the  other  is  specific  activity  (SA)  related 
to  the  surface  area  of  Pt.  The  MA  has  significant  implications  for  fuel 
cells,  because  the  cost  of  electrode  largely  depends  on  the  total 


Table  1 

Summary  of  various  electrochemical  parameters. 
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ECSA  after  1000 
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(m2g-’) 

cycles  (m2  g-1) 
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density,  if  (mA  cm'2) 
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potential  (V) 
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(mA  cm'2Pt) 

cycles 
(mA  cm  2) 

(%) 

Pt-Fe/SWCNTs 

86.37 

44.52 

48.46 

194.12 

0.81 

0.97 

373.11 

4.31 

112.33 

42.29 

Pt/C 

204.08 

51.62 

74.71 

147.2 

0.73 

0.74 

270.71 

1.32 

41.11 

72.11 
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catalysts,  while  the  SA  provides  the  catalytic  information  of  Pt 
atoms  in  the  surface  of  catalyst.  The  various  parameters,  including 
MA  (peak  current  density  of  methanol  oxidation  obtained  from  CV 
per  unit  of  Pt  loading  mass),  SA  (peak  current  normalized  with  Pt 
surface  area),  and  the  ratio  of  the  forward  oxidation  current  peak 
(if)  to  the  reverse  current  peak  (ib),  have  been  shown  in  Table  1. 
According  to  the  MA  data  listed  in  Table  1,  the  Pt-Fe/SWCNTs 
catalyst  shows  better  electrocatalytic  activities  for  methanol 
oxidation  than  the  commercial  Pt/C  catalyst.  It  can  be  also  seen  that 
the  SA  of  Pt-Fe/SWCNTs  catalyst  is  extremely  higher  (about  3.3 
times)  than  commercial  ones.  The  if/i'b  ratio  is  an  index  of  the 
catalyst  tolerance  to  CO  species.  From  Table  1,  the  if/i'b  ratio  of  Pt- 
Fe/SWCNTs  catalyst  is  slightly  higher  than  that  of  the  commercial 
Pt/C  catalyst,  indicating  that  the  new  Pt-Fe/SWCNTs  catalyst  can 
more  effectively  remove  the  CO  species  on  their  surface. 

The  ECSA  is  a  useful  macroscopic  quantity  to  characterize  the 
dispersed  catalysts.  For  Pt-based  catalysts,  it  can  be  calculated  from 
the  hydrogen  desorption  peaks  formed  in  the  lower  potential  re¬ 
gion  of  CV  curve  in  H2SO4  solutions.  In  the  calculated  data  in  Table  1, 
it  can  be  found  that  the  ECSA  value  of  our  samples  is  one  fourth  of 
the  commercial  ones.  This  may  be  attributed  to  the  big  particle  size 
of  our  samples,  resulting  in  that  the  total  surface  area  of  our  sam¬ 
ples  is  less  than  the  commercial  ones. 

Long-term  structural  durability  is  one  of  the  characteristics 
most  necessary  for  fuel  cells  to  be  accepted  as  a  viable  product. 
Thus,  in  addition  to  the  electrocatlytic  activity,  the  durability  of  Pt- 
Fe/SWCNTs  has  also  been  evaluated  by  repetitive  potential  cycling 
test.  The  ECSA  loss  and  electrocatalytic  activity  decrease  were  used 
as  indicator  for  the  durability.  Fig.  7  shows  the  electrocatalyst 
durability  of  commercial  Pt/C  catalyst  and  Pt-Fe/SWCNTs  catalyst. 
It  can  be  seen  that  the  ECSA  of  Pt-Fe/SWCNTs  catalyst  decrease 
slower  than  the  commercial  Pt/C  catalyst.  After  1000  cycles,  the 
solution  was  renewed  and  an  additional  100  cycles  in  1  M  CH3OH 
and  0.5  M  H2SO4  solution  were  recorded  so  as  to  evaluate  the  loss  of 
catalyst  activity.  The  various  electrochemical  parameters  have  been 
summarized  in  Table  1.  It  can  be  seen  that  the  Pt-Fe/SWCNTs 
catalyst  remains  51.54%  ECSA  and  57.71%  activity  after  1000  cycles, 
while  the  data  for  commercial  Pt/C  catalyst  are  25.29%  and  27.89%, 
indicating  that  the  new  type  Pt-Fe/SWCNTs  catalyst  is  more  du¬ 
rable  than  commercial  ones. 

Fig.  8  illustrates  the  morphological  and  chemical  changes  of  Pt— 
Fe  nanoparticle  on  SWCNTs  surface  during  the  synthesis  process  of 
Pt-Fe/SWCNTs  catalyst.  In  the  as-grown  SWCNTs  samples,  the  Pt— 
Fe  metal  nanoparticles  are  anchored  on  the  side  wall  of  SWCNTs, 
and  enwrapped  by  graphene  sheets  which  hamper  the 


Fig.  7.  Electrocatalyst  durability  of  commercial  Pt/C  catalyst  (JM  HiSPEC  4000)  and  Pt- 
Fe/SWCNTs  catalyst. 
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Fig.  8.  Illustration  of  morphological  and  chemical  changes  of  Pt— Fe  nanoparticle  on 
the  surface  of  (a)  as-grown  SWCNT,  (b)  E^-treated  SWCNT,  and  (c)  SWCNT  after  HC1 
soaking. 


electrocatalytic  activity  of  Pt-based  catalyst.  After  a  high- 
temperature  hydrogen  treatment,  the  graphene  shells  have  been 
exfoliated.  After  HC1  soaking,  the  metal  nanoparticles  shrink,  and 
the  chemical  composition  of  metal  nanoparticles  transforms  to¬ 
ward  overstoichiometric  Pt  content. 

Conventionally,  the  electrocatalyst  with  high  percentage 
composition  (e.g.,  total  Pt  catalyst  percentage  >  60  wt%)  are 
desirable  for  DMFC  applications.  The  present  Pt-Fe/SWCNTs  cata¬ 
lyst  has  a  much  lower  composition  percentage  of  about  20  wt% 
based  on  the  EDS  analysis  results,  but  it  performs  much  higher 
catalytic  activity  and  better  stability.  The  high  catalytic  activity  and 
good  stability  can  be  attributed  to  several  factors:  (i)  the  Pt— Fe/ 
SWCNTs  electrocatalyst  possesses  perfect  nanoparticle  sizes  and 
ideal  compositions  that  enhance  its  electrocatalytic  activity,  (ii)  the 
high  electronic  conductivity  of  high-crystallinity  SWCNTs  lowers 
the  resistance  in  methanol  electrooxidation,  (iii)  the  half  carbon 
shells  attaching  on  the  surface  of  SWCNTs  prevent  the  aggregation 
of  the  uniformly  dispersed  Pt— Fe  electrocatalyst  nanoparticle,  (iv) 
the  synergistic  effect  resulting  from  the  coexistence  of  graphene 
carbon,  Pt  and  Fe.  It  should  be  pointed  out  that  the  as-grown 
SWCNTs  samples  and  H2-treated  SWCNTs  samples  have  not 
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performed  good  electrocatalytic  activity  as  the  Pt-Fe/SWCNTs 
samples,  showing  the  necessity  of  removing  both  the  carbon  shells 
from  Pt-Fe  electrocatalyst  nanoparticle  and  the  residual  Fe  catalyst 
in  H2-treated  SWCNTs  samples.  Furthermore,  it  must  be  mentioned 
that  the  composition  of  the  nanoparticles  in  bimetallic  systems  is 
also  make  good  effect  with  the  electrocatalytic  activity  [30],  and  a 
systemic  research  of  different  synthesis  conditions  for  composi¬ 
tional  studies  has  been  planned  in  the  further  works. 

4.  Conclusions 

Pt-Fe  catalyst  nanoparticles  supported  on  SWCNTs  can  be 
prepared  in  one-step  by  hydrogen  arc  discharge  evaporation  of 
carbon  electrode  containing  Pt  and  Fe  catalyst.  A  simple  high- 
temperature  hydrogen  treatment  of  as-grown  SWCNTs  can 
remove  the  grephene  sheets  which  are  encapsulating  Pt-Fe  cata¬ 
lyst  nanoparticles.  After  soaking  the  F^-treated  SWCNTs  in 
concentrated  hydrochloric  acid,  a  new  type  of  Pt-Fe/SWCNTs 
electrocatalyst,  which  performs  much  higher  electrocatalytic  ac¬ 
tivity  for  methanol  oxidation,  better  stability  and  better  durability 
than  a  commercial  Pt/C  catalyst,  has  been  successfully  obtained. 
The  detailed  electrochemical  measurement  results  indicate  that 
this  novel  Pt-Fe/SWCNTs  electrocatalyst  has  great  potential  in  the 
application  of  direct  methanol  fuel  cells. 
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